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Abstract: The study area is located in the old mining district of Linares–La Carolina (southeastern
Spain), the largest global producer of lead between 1875 and 1920. The selected environmental
liability is the dam of the Federico mine and the waste that was generated during the flotation process.
Geophysical techniques were applied along the slope of the dam, specifically ERT and IP. In total,
26 waste samples were taken along the entire slope of the dam, in which a high metal(oid) content was
identified, sometimes much higher than the reference levels established by European and regional
legislation for contaminated soils. The concentrations of Pb, As, and Ba stood out, with mean values
of 4863 mg·kg−1, 89 mg·kg−1, and 794 mg·kg−1, respectively. Univariate and multivariate statistical
analysis could characterize the distribution of the contents of the different elements along the slope,
defining the associations and dispersion patterns of the metal(oid)s in the interior structure of the
mine wastes. With the results of the Pb content (the most abundant metal in mineral paragenesis), a
mathematical model was obtained by linear regression that related the variability of this cation with
the variation in electrical resistivity and chargeability obtained by geophysical techniques.

Keywords: electrical resistivity tomography (ERT); induced polarization (IP); mine waste characteri-
zation; metal(oid)s; univariate and multivariate statistics; linear regression

1. Introduction

Poorly planned mining activities and the generation of large volumes of waste can
modify the main components of the natural environment, mainly soils and waters, and
negatively interact with the environment. An estimated 1150 million tons of heavy metals
(copper, lead, iron, zinc, cadmium, and chromium) have been extracted since the Stone
Age, with the generation of 5 to 7 million tons of mining waste per year worldwide [1].

Historical metal mining operations generated large volumes of mining waste from the
waste rock, gangue, and tailings of the concentration processes, which accumulated in the
surroundings of the old mining sites, in many cases, without previous adaptions to the
terrain. Thus, contamination of soil and water by the presence of heavy metals from metal
mining activities extends throughout the world [2–5]. Old, abandoned mining sites and the
waste generated are the main sources of heavy metals [6,7].

Among the different types of mining waste, the tailings obtained through mineral
concentration by the flotation process is of special interest. This waste is composed of
materials mainly from the host rock and metal(oid)s from mineral paragenesis that could
not be separated in the flotation process. It has a very fine granulometry from the milling
process. Although all have common characteristics in their physical properties, each
presents differences in their chemical properties, depending on the type of host rock,
the type of mineralization, and the efficiency of the concentration process. Therefore, to
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evaluate the contaminating potential of these wastes, it is necessary to conduct an internal
study of these large structures, considered environmental liabilities [8].

The combination of geophysical and geochemical techniques, together with the use of
statistical techniques, can be an adequate methodology for determining the physicochemical
properties and identifying the processes that take place inside the waste [9–11].

Therefore, the objective of this work was to analyse the effectiveness of the combined
use of resistivity and chargeability geoelectric data with the values of total metal(oid)
concentrations through an analysis of the univariate and multivariate statistics. Finally,
we obtained the parameters that correlated best and defined a linear regression model
that allows the calculation of the internal distribution of metal and semimetal contents in
tailing dams.

This study is located in the metallogenetic district of Linares–La Carolina (southeastern
Spain) (Figure 1a), known for the existence of important mineralizations of Pb-Ag sulpho-
antimonides and Cu-Fe sulphides that have been exploited since the pre-Roman period
up to the 1980s. This lengthy period of mining activity has left numerous wastes on the
ground from both the extractive activity and the concentration and smelting processes.
Environmentally, these wastes are potentially dangerous and have been deposited in sites
lacking any previous adaptation or remediation after abandonment, given that, at that time,
environmental regulations were very lax [10,12–15].

Figure 1. (a) Georeferenced location of the study area (ETRS89/UTM zone 30N). (b) Location of the
tailing dam in the Federico mine, indicating the position along the slope of the ERT-IP profile.

An old dam of flotation wastes from the Federico Mine was selected, located in the
drainage basin of the Grande River (Figure 1a,b), whose waters feed the Rumblar reservoir,
intended for human consumption and irrigation [6]. In this same watershed, 10 other
structures contain the same type of mining waste. In total, 33 tailings dams and ponds
have been inventoried in the Linares—La Carolina mining district, with a volume of
10,500,000 m3 of waste [16]. In addition, at that time, the concentration processes were not
efficient due to technical limitations, which means that these mining liabilities present a
high metal(oid) content [15].
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2. Mining in the Study Area

The study area is located on the southeast slope of Sierra Morena within the Hesperian
massif (southeast of Spain), where two large geological units stand out at the regional level,
consisting of a Palaeozoic basement and a post-Hercynian sedimentary cover [17,18].

The Palaeozoic basement is formed by metamorphic rocks (phyllites with quartzite
intercalations), intensely folded during the Hercynian orogeny and subsequently affected
by a granitic intrusion. The different tectonic phases generated an extensive network of
fractures, which were subsequently filled by a hydrothermal fluid enriched in metallic
sulphides, giving rise to the veins deposits of the mining district. The predominant miner-
alizations in this paragenesis are galena, sphalerite, chalcopyrite, and pyrite, with quartz,
ankerite, and calcite as accompanying minerals [19].

Unlike the Palaeozoic basement and fossilizing these mineralizations, the post-Hercynian
cover appears to be arranged subhorizontally. It consists of Triassic (red shales and con-
glomerates), Miocene (marls with layers of sandstones, silts, and/or breccias at the base),
and Quaternary materials (silts, sands, and gravels) [20,21].

The mining system used in the district was underground mining using the shrinkage
stoping or cut and fill stoping method. It is estimated that the district has approximately
1300 mines, with 65 km of main pits and 786 km of galleries along the vein. This mining
district was ranked as the world’s leading producer of lead between 1875 and 1920 [22].
With the ore and host rock obtained from exploitation, comminution and classification
operations were carried out as a step prior to the gravimetric concentration process, from
which mixed and enriched waste rocks were obtained that were subsequently treated in the
flotation process after milling. Through the flotation process, gangue with a particle size
of <1 mm with no commercial value was obtained, which was deposited in tailing dams
and ponds.

This study was carried out in the vicinity of the Federico Mine, where the dam con-
taining the flotation fines of the concentration process is located (Figures 1b and 2a). This
structure lies within a depression in the land where the pumped pulp was retained by a
wall composed of the waste rock itself. The waste was deposited without carrying out any
previous mitigation efforts to prevent the soils and waters from being affected by the site.

Figure 2. (a) Orthophoto of the tailing dam. The location of the ERT-IP profile and sampling location
in the tailings is indicated. (b) Sampling points on the slope of the dam and the position of the
samples S-1 (top) and S-26 (bottom).
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3. Materials and Methods
3.1. Geophysical Techniques

The electrical resistivity tomography (ERT) technique is a noninvasive method that
indirectly measures the resistance contributed by a material to the passage of an electric
current, obtaining numerical models in the form of 2D profiles or 3D images of the electrical
resistivity values [23–26]. Through automatic data acquisition systems, a large amount of
information is obtained that is quickly processed with appropriate software that is able
to resolve increasingly complex geological models [27]. In practice, numerous electrodes
are placed along a profile, separated according to the degree of resolution and the desired
depth [26].

With the induced polarization (IP) method, the electrical charge capacity of a certain
body or material in a subsurface is measured; this can identify the materials with the
capacity to maintain the current for a given time [23,28]. A known direct current is injected
into the ground between two current electrodes and interrupted suddenly to measure
the drop in potential between two other potential electrodes. The electrical parameter
measured is the apparent chargeability, which corresponds to the area of the voltage decay
curve [29,30].

The combination of these two techniques has been used in different areas of earth sci-
ences, such as mining [31–33], hydrogeology [34,35], and environmental sciences [8,36,37].

In the flotation fines of the Federico mine dam, ERT and IP surveys were performed to
analyse the internal structure of the tailings [38]. For this work, the resistivity and charge-
ability values obtained in the ERT and IP profiles taken along the slope of the tailing dam
were used (Figure 2a). They were obtained using a Wenner–Schlumberger configuration,
with a total of 64 electrodes spaced every 0.5 m. The parameters used to measure the
resistivity and the chargeability were an 880 V current, time of application = 2000 ms (with
a delay of 50 ms) and an interval of 1000 ms (for voltage decay readings), and a Bessel
filter and two repetition cycles. The equipment used was a RESECS digital resistivity meter
manufactured by Deutsche Montan Technologie (DMT). To generate the resistivity and
chargeability values, RES2DINV software was used, which uses the least squares method
with forced smoothing and a modified quasi-Newton optimization technique [38].

3.2. Geochemical Analysis

A sampling profile was obtained along the slope of the flotation fines dam from the
crest to the foot of the slope. In total, 26 sampling points were selected, spaced 1.5 m apart
and distributed along a profile 39 m in length (Figure 2b).

Prior to collection of the samples, the surface layer was removed until the unexposed
waste was reached (Figure 2b). The sampling criteria adopted were to excavate boreholes
40 cm deep and to take three subsamples at each sampling point. The total amount of each
sample obtained was 1.5 to 2 kg, and the samples were stored in plastic bags. Once in the
laboratory, after homogenization and air drying for 72 h, the samples were screened using
a PVC sieve with a 2-mm mesh. Subsequently, for each sample, the fraction was ground
smaller than 2 mm in an agate ball mill Retsch PM 100 model.

For determination of the total metal(loid)s content in the mining waste, the <2-mm
fraction was ground in an agate ball mill until a size of less than 50 microns was obtained
(Retsch PM 100). Total digestion was carried out by microwave digestion [39] through
chemical attack on 0.5 g of the ground sample using HNO3 reagents with addition of H2O2
to facilitate complete oxidation of the organic matter [40].

The analyte obtained by the digestion was analysed by inductively coupled plasma
mass spectrometry (ICP–MS) [41]. The analyses were performed at the Centre for Scientific
and Technical Instrumentation of the University of Jaen in a mass spectrometer with a
plasma torch ionization source and a quadrupole ion filter (model AGILENT 7900).
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3.3. Statistical Analysis

Univariate and multivariate statistical techniques were used to determine the interre-
lationships of and variability in the elements analysed. Data processing was performed
using the software SPSS 22 developed by IBM.

The mean, median, range, standard deviation, variance, skewness, and kurtosis
were calculated, and histograms, normality plots, and box-and-whisker plots were gener-
ated [42].

As a multivariate statistic, a principal component analysis (PCA) of the metal(oid)s
present in the slope of the Federico tailing dam was performed. The objective of PCA is
to transform a set of original variables into a new set of variables, called factors, that are
characterized by being correlated with each other. The first factor or component explains
the largest variance of the dataset, the second factor or component explains the second
largest variance of the dataset, and so on for the rest of the factors [43,44]. It is interpreted
through rotation of the components (axes), with Kaiser–varimax normalization being the
most commonly used in geochemistry, which is adequate when the number of components
is small. This technique has been used in different environmental scenarios [45–48].

To combine the geoelectrical and geochemical data, statistical linear regression models
were used to evaluate the correlation between the concentration of heavy metals and the
values of electrical resistivity and IP. The estimated weighting method was used, which
facilitates the calculation of the coefficients of a linear regression model using weighted
least squares (WLS). In this way, from the resistivity and chargeability data recorded, the
observations that presented greater correlations with the elements analysed received more
weight.

As a result, a linear regression model was obtained from the electrical resistivity and
chargeability data (Table 1), combined with the concentration of metal(oid)s (Table 2).

Table 1. Electrical resistivity and chargeability values measured at depths of 12.5 cm, 37.5 cm, and
63.7 cm along the slope of the Federico mine dam.

Resistivity (Ohm.m) Chargeability (mV/V)

Position Depth:
12.5 cm

Depth:
37.5 cm

Depth:
63.7 cm Mean Depth:

12.5 cm
Depth:
37.5 cm

Depth:
63.7 cm Mean

S-1 (0.0 m) 225.40 92.22 36.17 117.93 16.60 13.90 9.47 13.32
S-2 (1.5 m) 189.64 177.48 147.60 171.57 1.88 1.78 1.49 1.72
S-3 (3.0 m) 289.71 217.29 104.23 203.74 0.70 0.80 0.91 0.80
S-4 (4.5 m) 240.92 182.55 139.80 187.76 0.84 0.65 0.40 0.63
S-5 (6.0 m) 158.76 141.98 114.94 138.56 4.65 4.49 4.19 4.44
S-6 (7.5 m) 62.97 80.66 87.87 77.17 5.98 5.18 4.49 5.22
S-7 (9.0 m) 140.21 131.25 89.45 120.30 3.69 3.20 3.02 3.30

S-8 (10.5 m) 145.02 144.13 123.37 137.51 0.31 0.32 0.33 0.32
S-9 (12.0 m) 171.50 166.30 120.02 152.61 0.04 0.09 0.16 0.10
S-10 (13.5 m) 290.95 247.12 139.20 225.76 9.28 8.04 6.73 8.02
S-11 (15.0 m) 1073.30 860.20 536.88 823.46 0.49 0.29 0.18 0.32
S-12 (16.5 m) 1021.80 1288.70 1168.70 1159.73 2.72 1.58 0.74 1.68
S-13 (18.0 m) 975.41 1227.70 1705.20 1302.77 4.71 4.49 3.63 4.28
S-14 (19.5 m) 817.22 1158.90 1871.70 1282.61 3.38 3.04 2.35 2.92
S-15 (21.0 m) 952.91 1157.20 1809.00 1306.37 8.85 7.57 5.86 7.43
S-16 (22.5 m) 845.77 1204.60 1775.40 1275.26 2.45 2.37 2.00 2.27
S-17 (24.0 m) 1576.20 2258.00 3485.40 2439.87 0.07 0.08 0.08 0.08
S-18 (25.5 m) 1788.00 2268.20 2847.10 2301.10 0.01 0.01 0.00 0.01
S-19 (27.5 m) 250.50 282.27 314.34 282.37 0.83 0.76 0.67 0.75
S-20 (29.0 m) 281.96 251.90 150.55 228.14 1.39 1.49 1.63 1.50
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Table 2. The concentration (mg·kg−1) of metal(oid)s in the samples of fines from the slope of the
Federico mine dam.

Sample Ag As Ba Ca Co Cr Cu Fe Mg Mn Ni P Pb V Zn

S-1 6.1 71 1972 26,311 6 11 10 30,885 10,215 1834 16 434 8375 8 90
S-2 6.0 108 258 24,741 8 12 12 43,765 10,677 2055 19 521 8110 9 112
S-3 2.7 79 154 23,327 7 16 10 34,314 10,265 2106 17 489 3939 11 128
S-4 2.8 83 228 25,779 6 12 5 36,263 10,929 2171 15 452 4273 8 60
S-5 4.7 116 241 35,022 7 9 11 46,462 16,048 2677 19 390 7051 7 106
S-6 4.1 83 487 19,935 11 17 6 31,995 9030 2035 23 426 3656 9 104
S-7 1.4 111 319 16,870 10 18 8 36,421 8461 1863 23 505 1101 11 223
S-8 2.4 167 1488 21,225 8 9 12 44,579 9753 2518 17 536 2878 10 647
S-9 5.0 95 3965 27,255 6 3 7 78,618 12,220 5284 10 452 8772 5 260
S-10 1.2 67 162 21,636 7 4 5 34,425 8482 2154 13 568 2274 6 195
S-11 1.3 67 521 14,665 7 6 6 37,266 5957 2111 14 552 1837 8 264
S-12 4.9 94 1133 20,212 8 15 9 45,707 9608 2534 19 437 6703 11 154
S-13 5.9 82 1010 21,922 8 12 10 48,747 10,962 2710 20 439 7917 9 148
S-14 5.8 86 952 22,255 8 12 10 48,722 11,275 2736 19 430 8003 9 133
S-15 5.6 102 960 22,188 8 12 10 49,082 10,995 2718 20 444 7962 9 124
S-16 5.6 100 1038 22,194 8 12 14 51,072 11,410 2809 20 447 8514 9 140
S-17 4.6 92 942 20,904 7 13 9 47,336 10,380 2638 19 443 6463 10 118
S-18 2.0 63 312 17,427 7 12 9 37,074 8206 2210 18 468 2213 9 89
S-19 2.4 79 482 16,931 8 11 9 43,618 8078 2420 19 496 2683 9 126
S-20 1.4 126 462 8649 8 4 7 46,616 3603 1767 13 585 2466 8 134
S-21 1.3 63 188 11,802 6 5 7 38,404 4198 1862 11 600 1679 8 181
S-22 1.2 53 485 15,589 4 5 7 26,461 6456 1496 10 529 2030 6 114
S-23 1.5 72 350 13,337 7 5 10 34,235 5494 1643 14 587 2362 7 239
S-24 3.3 81 785 18,252 8 10 11 41,967 8480 2361 17 503 3979 9 138
S-25 4.5 90 877 19,103 8 9 12 44,565 9164 2476 17 481 5467 8 131
S-26 4.4 86 885 18,886 7 10 9 44,230 9111 2455 17 469 5732 9 127

Finally, with the mathematical function obtained, the distribution of the lead con-
centration (mg·kg−1) along the entire slope was calculated. Graphical representation of
the results was performed by Surfer 15 software from Golden Software using the kriging
method for estimation between the points.

4. Results and Discussion
4.1. Resistivity and Chargeability

The geoelectric resistivity and chargeability profiles obtained along the slope of the
tailings dam are represented in Figure 3 (modified from [38]). The objective of this geoelec-
tric profile was to obtain an actual resistivity image to verify, as a function of the lateral
electrical response obtained, whether the deposited waste was uniform in composition or,
on the contrary, if metal(oid)-enriched zones could be differentiated.

Figure 3. Image of the actual electrical resistivity (Ohm m) and chargeability (mV.V−1) of the ERT-IP
profile along the slope of the dam (modified from [38]). The position of the samples of fines with the
highest concentration of metals is indicated.
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As the waste is composed mainly of minerals from the host rocks and, to a lesser extent,
of different minerals from the mineral paragenesis of the deposit, it is worth considering
that the changes in resistivity and IP recorded are related to the degree of concentration of
metal(oid)s in the deposit. To analyse this correlation, the concentration of metals obtained
in the samples of fines from the slope was compared with the values of resistivity and
chargeability measured at the same points.

Although the maximum depth reached in the resistivity and chargeability profile was
6 m, first, the geophysical data referring to the upper 64 cm of the waste were selected for
comparison with the metal (oid) contents obtained from the surface strip of the slope at
locations S-1 to S-20 (Figure 2).

According to Samouëlian [49], the variation in electrical resistivity is mainly influenced
by the presence of interstitial water and the particle size distribution. Regarding the first
factor, note that the degree of moisture present in the waste in the first 64 cm of the
profile was very low. On the other hand, the particle size distribution of the deposited
waste was uniform, since it came from a concentration plant, where all of the waste was
subjected to a series of crushing and milling operations, controlling the particle size by
sieving. However, these operations and processes were sometimes difficult to maintain
under constant working conditions, which could lead to mineral losses with low recovery.
Therefore, the variation in resistivity in the slope is mainly due to the different compositions
of the waste. In addition, differences in the concentration of metal(oid)s present in certain
areas of the dam would influence the measured chargeability, since electrode polarization
occurs when the porous space is blocked by metallic particles [28].

Table 1 includes the actual resistivity and chargeability data used in this work. They
correspond to values recorded at the three shallowest depths (12.5 cm, 37.5 cm, and 63.7 cm)
for each sampling point. The mean value of the three depths is also presented, which is the
value used to calculate the linear regression model.

The concentrations of 15 metal(oid)s (Ag, As, Ba, Ca, Co, Cr, Cu, Fe, Mg, Mn, Ni, P, Pb,
V, and Zn) were analysed in the 26 samples taken along the length of the slope. The results
obtained are summarized in Table 2. Note the high concentration of Pb obtained; since Pb
was the target metal of the concentration process (galena), it should be present at a low
concentration in the waste rock, so the high concentration reflects the fact that sometimes,
the concentration process was not entirely efficient.

Figure 4 shows the distribution along the slope of six of the metals and semimetals
analysed (As, Ba, Fe, Mn, Pb, and Zn). These elements were present in high concentrations
and are related to the mineral paragenesis of the study area. The maximum difference
obtained between Samples S-8 and S-9 stands out (from 10.5 m to 12 m from the top of the
slope), which was observed for all the metal(oid)s analysed. Ba and Pb are present in high
amounts with a similar distribution, with these elements presenting the greatest variability
among all those analysed. In the case of Pb, abrupt variations are recorded throughout the
slope, with high concentrations (above 6000 mg·kg−1) in Samples S-1, S-2, S-5, S-9, S-12,
S-13, S-14, S-15, S-16, and S-17, which are located at 0 m, 1.5 m, 6 m, 12 m, 16.5 m, 18 m,
19.5 m, 21 m, 22.5 m and 24 m from the crest of the slope, respectively (Figure 4). The
highest concentrations of Ba appear at 0 m and 12 m from the crest of the slope, with a
maximum of 3965 mg·kg−1 in Sample S-9.

As, Fe, Mn, and Zn exhibit more homogeneous content distributions. In the case of
Fe and Mn, although changes are observed along the slope, they present relatively high
values as a whole (with a mean of 42,416 mg·kg−1 of Fe and 2370 mg·kg−1 of Mn), again
highlighting the maximum reached in Sample S-9 (78.618 mg·kg−1 for Fe and 5284 mg·kg−1

for Mn). For As and Zn, the concentrations are much more moderate, except in Sample S-8
(at 10.5 m), which presents the maximum values (167 mg·kg−1 of As and 647 mg·kg−1 of
Zn; Figure 4).
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Figure 4. Distribution of the concentrations (expressed in logarithmic scale in base 10) of As, Ba, Fe,
Mn, Pb, and Zn along the slope of the tailing dam.

Figure 3 shows the resistivity and chargeability image obtained from the electrical
tomography profile taken on the slope of the Federico dam [38]. The positions of Samples
S-1 and S-5 and S-8 to S-16 are also shown, which have the highest contents of metals
and semimetals (Figure 4). The positions of these samples coincide with the areas of
greatest chargeability and the lowest surface resistivity detected in the profile. The area
of maximum surface chargeability values (Figure 3) coincides with samples that present
high concentrations of metal(oid)s (S-8 to S-16), especially a high concentration of lead. The
surface resistivity obtained in this same section is high, since it is a dry zone whose high
chargeability is related to the presence of precipitated salts in the form of metal-rich whitish
crusts [38].

4.2. Univariate and Multivariate Statistics

Table 3 shows the statistical parameters calculated for the six elements that presented
high concentrations and that relate to the mineral paragenesis of the study area. The
maximum values obtained for As, Ba, Fe, Mn, Pb, and Zn are 167 mg·kg−1, 3965 mg·kg−1,
78,618 mg·kg−1, 5284 mg·kg−1, 8772 mg·kg−1, and 647 mg·kg−1, respectively. In the case
of Ba, Pb, and Zn, there is a greater difference between the mean and the median obtained,
presenting a wide range of variation (Table 3).
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Table 3. Descriptive statistics of the total concentration of metal(oid)s. Values above the generic
reference levels defined by the Andalusian government for contaminated soils are highlighted in bold.
The shaded values are those that exceed the intervention values established by the Dutch regulations.

Element
(mg·kg−1)

Variance Skewness Kurtosis
Min. Max. Mean Median Range Std.

Deviation

Ag 1 6 4 4 5 2 4 −0.04 −1.60
As 53 167 89 85 114 24 560 1.45 3.55
Ba 154 3965 794 504 3811 786 618,079 2.87 10.47
Ca 8649 35,022 20,246 20,558 26,373 5389 29,048,445 0.34 1.44
Co 4 11 7 8 7 1 2 0.23 2.47
Cr 3 18 10 11 15 4 17 −0.08 −0.65
Cu 5 14 9 9 9 2 5 0.00 −0.44
Fe 26,461 78,618 42,416 43,691 52,157 9863 97,296,006 1.81 6.49
Mg 3603 16,048 9209 9386 12,445 2628 6,908,878 −0.05 1.22
Mn 1496 5284 2370 2285 3788 698 488,367 2.94 12.25
Ni 10 23 17 17 13 4 13 −0.41 −0.30
P 390 600 487 475 210 57 3267 0.51 −0.71

Pb 1101 8772 4863 4126 7671 2618 6,858,494 0.18 −1.61
V 5 11 9 9 6 2 2 −0.42 0.30

Zn 60 647 165 132 587 111 12,372 3.50 14.72

In all cases, except for As, the standard deviation and variance are characterized by
high values, indicating that most samples have values far from their mean.

As, Ba, Fe, Mn, and Zn have a greater number of values below the mean than above it,
but in any case, the concentrated values close to the mean are high and present a positive
asymmetry and kurtosis. Pb has the lowest concentration of values around its mean; that is,
its values lie furthest from the mean and are predominantly located close to the minimum
and maximum values (Table 3).

All the histograms obtained (Figure 5a) group the majority of samples for each element
off-centre with asymmetry to the right, with the exception of Pb, which has two maximums
at the extremes, with the mean concentration being the least frequent.

The box-and-whisker plots (Figure 5b) show off-centred medians for Ba, Fe, Mn, Pb,
and Zn, with the exception of As. Note the wide box of Pb, which indicates the large range
of Pb content throughout the entire slope. For the rest of the elements, especially Mn and
Zn, the amplitude of the box is reduced due to a closer quartile 1 and quartile 3. Values
considered atypical are identified in Sample S-8 for As and Zn; in S-9 for Ba, Fe, and Mn;
and in S-1 for Ba. As mentioned before, these are the samples in which the maximum
concentrations were identified.

The values of the contents of As, Fe, and Mn present a normal distribution. The same
does not happen in the case of Ba, Pb, and Zn, which present a lognormal distribution
(Figure 5c). In addition, Ba and Zn present a distribution of values very far from normal
due to Samples S-8 and S-9.

A multivariate statistical analysis was performed using PCA, and the original number
of variables was reduced to a smaller number of variables. These principal components
(PCs) are able to explain a large part of the total variability; in this case, the four PCs
obtained represent 80% of the total variance. In addition, the component graph is shown in
rotated three-dimensional space (Figure 6).

The first PC (Table 4), which represents the maximum variance, is composed of Ag, Ca,
Cu, chargeability, Mg, and Pb. Ag, Cu, and Pb are the metals associated with the mineral
paragenesis in the mining basin of the study area. Ca and Mg also contribute, since they
are elements associated with the carbonate minerals that accompany the mineralization
of galena. The association of chargeability with these metal(oid)s indicates that their
variability is mainly due to the concentration of these elements.
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Figure 5. Univariate statistics: (a) histograms, (b) box-and-whisker plots, and (c) normal Q-Q plots
for the concentration of metals along the slope of the tailing dam.
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Figure 6. Rotation of PCs using the varimax procedure.

Table 4. Results obtained for the PCA. The solutions rotated by the varimax method with Kaiser
normalization are shown. % Var: percentage of variance for each PC.

Rotated Component Matrix

Element
Component

1 2 3 4

Mg 0.895 −0.019 0.092 0.054
Ag 0.883 0.127 0.190 −0.076
Pb 0.876 −0.078 0.278 −0.053
Ca 0.853 −0.241 −0.071 0.021
Cu 0.564 0.353 0.013 0.504

Chargeability 0.419 −0.213 −0.614 −0.134
Ni 0.257 0.900 −0.204 −0.017
Cr 0.201 0.886 −0.182 −0.190
V −0.112 0.873 −0.119 0.157

Co −0.206 0.736 −0.051 0.122
Fe 0.288 −0.271 0.863 0.180
Mn 0.362 −0.355 0.824 0.040
Ba 0.344 −0.406 0.640 0.151
As 0.034 0.139 0.131 0.891
Zn −0.232 −0.121 0.173 0.837
P −0.796 −0.271 −0.162 0.344

% Var 29.71 22.62 15.63 12.68

Co, Cr, Ni, and V were found as elements of the second PC (Table 4). This association
is related to the country rock, consisting of phyllites, which justifies the low values obtained
in the flotation sludge. In the case of Ni, the concentration that appeared in the river
sediments of this drainage basin was greater than that obtained in the Federico tailing
dam [6].

In the third PC (Table 4), Ba, Fe, and Mn are associated. These three metals are related
to the mineral paragenesis of the mining basin and are usually associated with some of the
mined minerals.

Finally, the fourth PC (Table 4) has the lowest representation of the total variance. In
this component, we find As and Zn, which are frequent elements in the study area because
they are associated with mineralization. However, as with Ni, its concentrations are lower
in this deposit of mining waste than those found in the sediments of the water channels.
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Figure 6 shows the grouping of the different variables in a space rotated in three
dimensions (components), which represents 68% of the variance. In this way, we can see
the position of each variable influenced by the three PCs. The associations produced are the
same as those obtained in the rotated matrix (Table 4). For Component 1, the most saturated
variables are Ag, Ca, Cu, chargeability, Mg, and Pb, with Ca and Mg superimposed. In the
case of Component 2, they are Co, V, Cr, and Ni. Finally, Component 3 is formed by Ba, Fe,
and Mn.

The different legislations on contaminated soils establish allowable generic reference
levels (GRLs), where there are possible impacts on humans and/or ecosystems if the levels
are exceeded. In this work, both the GRLs established in the regulation concerning contam-
inated soils in Andalusia [50] and the levels included in the Dutch regulations [51], some
of the most internationally applied levels in the study of soils affected by mining [52,53],
were considered.

Table 3 highlights the values that exceed the limit set by the Andalusian regional regu-
lations in bold and those that exceed the maximum allowable concentrations established
by the Dutch standard in grey.

The mean concentrations of As and Pb exceed the reference values for contaminated
soils in both the Andalusian and Dutch regulations. In the case of As, even the minimum
concentration obtained exceeds the value of the regional regulations, which are more
restrictive than the Dutch equivalents for this element. Additionally, the mean content of
Ba presents values that exceed the limit established by the Dutch regulations. However, the
Pb content of these mining wastes stand out, since in all the samples analysed, there are
concentrations that far exceed the reference values of the two regulations considered.

4.3. Estimation of the Pb Content

Of all the metal(oid)s analysed, the distribution of lead inside the flotation dam was
analysed. Given its potentially toxic nature and the high concentrations existing in the
upper strip of the studied slope, the distribution of this metal inside the mining dam is
of interest.

Both the chargeability and the resistivity are influenced by the metal(oid) content,
but the chargeability has a stronger relationship with the metals. Therefore, after the
chargeability–Pb affinity was verified by PCA, a weighted linear regression was used,
with the weighting variable being the chargeability, which allowed the calculation of the
coefficients of a linear regression model using WLS so that more accurate observations
were given greater weight. For the calculation, resistivity and chargeability were taken as
independent variables, taking the mean values along the slope (Table 1). The dependent
variable was Pb, taking the concentration values from Samples S-1 to S-20 (Table 2).

The equation obtained from the linear regression model with weighted estimation is:

PE (Pb) = (4.2 × Res.) + (547 × Charg.) (1)

where PE (Pb) is the weighted estimate of the lead concentration (in mg·kg−1), Res. is the
actual electrical resistivity (expressed in Ohm m), and Charg. is the chargeability (expressed
in mV.V−1). For this equation, the power used in the weighting is −0.5, since this power
has the lowest logarithmic value of likelihood.

The linearity between the dependent variable and the independent variables is signifi-
cant, since they have a correlation coefficient (R) of 0.9 and a coefficient of determination
(R2) of 0.8. The residual values were verified to be independent according to the Durbin–
Watson factor, which presented a value of 1.7. In the collinearity diagnosis, the value
obtained for the inflation factors of the variance of each of the predictor variables was 1.3,
which justified the noncollinearity between the independent variables; that is, there is no
correlation between them.

Equation (1) was used to estimate the Pb content from the 342 resistivity and charge-
ability data recorded for the inside slope (Figure 3). The results obtained for the weighted
estimation of the Pb content are graphically represented in Figure 7, where the image of the
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lead concentration along the slope profile is shown. Three ranges are differentiated for the
distribution of Pb content. The first range corresponds to values lower than 4000 mg·kg−1

(the mean value of the Pb content of the sampling profile), the second ranges from 4000
to 6000 mg·kg−1, and the third corresponds to values greater than 6000 mg·kg−1. The
minimum value of lead in the profile is above 1000 mg·kg−1, which exceeds the limit
established by the regional (275 mg·kg−1) and Dutch regulations (530 mg·kg−1). Estimated
maximums above 14,000 mg·kg−1 can be observed in the lower zone of the slope. In
addition, in this medium-lower zone of the dam, there are other areas with values above
8000 mg·kg−1, which exceeds the maximum concentration obtained in the surface samples.
This medium-lower zone coincides with a greater presence of whitish precipitate crusts [38],
characterized by a high metallic content.

Figure 7. Image of the lead distribution in the profile studied along the slope of the tailing dam. The
position of the samples with the highest metal concentration is indicated.

5. Conclusions

Sampling was carried out along a cut made in the slope of a tailing dam of flotation
fines, and the metal(oid)s of these mining wastes were analysed. Of the 15 elements
analysed, As, Ba, Fe, Mn, Pb, and Zn were selected as the most significant, either because
of their contents or because of their relationship with mineral paragenesis. The highest
concentrations appeared in the lower third of the slope between sampling points S-8 and
S-9, associated with high values of chargeability.

The histograms, box-and-whisker plots, and Q-Q plots indicated that the contents
of As, Fe, and Mn presented normal behaviour, except for the presence of some extreme
values. However, Ba, Pb, and Zn showed lognormal behaviour.

The multivariate analysis performed using PCA extracted four components that
explained 80% of the total variance. The first component grouped Ag, Ca, chargeability,
Cu, Mg, and Pb, where Ag, Cu, and Pb are the main paragenetic metals, while Ca and Mg
are the ones mainly accompanying mineralization. The second component included Co, Cr,
Ni, and V, which are linked to the host rock, consisting of Palaeozoic phyllites. In the third



Minerals 2022, 12, 7 14 of 16

component, Ba, Fe, and Mn were associated; these are also related to paragenesis minerals.
Finally, the fourth group contained As and Zn, elements related to mineralization.

Pb is the most characteristic element of this paragenesis and the most abundant metal
in the waste, and is considered potentially toxic according to current regulations. All the
values obtained for the concentration of Pb in the samples of the slope of the Federico dam
exceed the limits established by environmental regulations, both regional and European.

Using the linear regression model with estimated weighting, the distribution of Pb
inside the tailing dam was obtained. For this, the resistivity and chargeability values of
the terrain were correlated with the geochemical data obtained from the surface samples.
However, in this work, estimation of the distribution of metals within the residue was
carried out by estimating the weighting of the chargeability variable, a variable obtained
by the induced polarization (IP) method.

The model determines the variation in the distribution of the Pb content with depth
without the need to apply direct techniques (mechanical drilling). The combination of
geophysical, geochemical, and statistical tools constitutes an acceptable and low-cost
methodology compared with other methodologies used to estimate the distribution of
metal(oid) contents inside mining dams. This mining district has another 32 mining
dams with a volume of approximately 10,500,000 m3; in these dams, the concentration of
chemical elements is similar to that in this mining dam. Therefore, the application of this
methodology would be very useful to transform these environmental liabilities into mining,
environmental, or social assets.
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